Chromatofocusing of soybean (Glycine max L.) leaf lipoxygenases revealed three distinct peaks of activity. Based on their isoelectric points (pis), pH optima, and mutant analysis it appears that the leaf isozymes are different from those described from mature soybean seed. At least one leaf lipoxygenase appears to differ from those found in hypocotyls. The pis of the main bands of the three leaf lipoxygenase peaks are 6.67, 5.91, and 5.67. The pH optima curves of three active fractions exhibit peaks at pH 6.2, 5.5, and 8.5, respectively. One of the fractions has two polypeptides with slightly different molecular weights, both of which react to soybean seed lipoxygenase antibodies. The other two fractions contain a polypeptide of unit molecular weight reacting with the lipoxygenase antibodies.
LOXs2 (linoleate: oxygen oxidoreductase, EC 1. 13.11.12) are found throughout the plant (8) and animal kingdoms (9) . They catalyze, in plants, the hydroperoxidation of cis,cis-1,4-pentadiene structures present in unsaturated fatty acids. The physiological role of LOX in plants remains ambiguous, although roles in growth and development, senescence or wound response, and pest resistance have been suggested ( 1 3, 15, 19) .
While soybean seed LOX has been extensively studied with three different isozymes described (2, 12) , the diversity and characteristics of lipoxygenase(s) in soybean leaves has not been examined. In a survey of LOX activity in leaves of 28 plant species, Sekiya et al. (18) found soybean leaves to be among the highest in terms of activity. Soybean roots and hypocotyls have recently been found to possess LOX isozymes distinct from those found in seeds (17) . This study was undertaken to examine lipoxygenase(s) in soybean leaves and to compare them to the previously characterized seed and hypocotyl isozymes.
MATERIALS AND METHODS

Preparation of Crude Plant Extracts
Leaves were obtained from soybean (Glycine max L.) plants grown during the spring in a greenhouse with unsupplemented
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sunlight. Leaves were measured at the maximum width, weighed, and ground in one-half volume of water with a mortar and pestle. Samples were centrifuged at 12,000g for 15 min and the supernatants were analyzed for LOX activity (11) .
Enzyme Purification
The middle leaflets of soybean (Glycine max L. Merr.) trifoliates were harvested at random from plants growing in a greenhouse, frozen in liquid nitrogen, and ground with a mortar and pestle. Following grinding, 5 mM Na acetate (pH 4.5) was added (80 mL per 20 leaflets) and the resulting slurry was centrifuged for 7.5 min at 10,000g. The supernatant was made 10% in sucrose and loaded onto a Sephadex G-50 (coarse, 55 x 5 cm) (Pharmacia) column and eluted in 5 mM Na acetate, pH 4.5 at about 8 mL min-'. The protein containing fractions were analyzed for LOX activity by measuring the change in absorbance at 234 nm with time (11) . Sodium linoleate was used as the LOX substrate. This was adjusted to an absorbance of 0.45 with previously prepared (partially oxidized) substrate. The most active fractions were pooled and centrifuged for 1.5 h at 140,000g to remove microsomal particles. The 
RESULTS
Total Leaf LOX Activity
The relationship between leaf size and total LOX activity was investigated with two LOX substrates (Fig. 1) . Leaves of approximately 30 to 40 mm had the greatest LOX activity with either linoleic or linolenic acid as substrate. For this reason, further fractionation studies were carried out with leaves 30 to 40 mm wide. Considerable variability was seen in this study. Curves that best fit the data shown in Figure 1 were generated using Sigmaplot version 3.10 (Jandel Scientific). Similar results with less variability were seen in an earlier study using leaves from an individual soybean plant, with linoleic acid as the substrate ( 12). IEF was done in a 6% polyacrylamide gel using an LKB flat bed system as described by Funk et al. (7) . Polypeptides were visualized with Coomassie blue staining and Western immunoblotting. Western blots of both the SDS and IEF gels were performed as described by Wang and Hildebrand (20) using antibodies prepared to soybean seed LOX isozyme or a mixture of antibodies to soybean leaf LOXs. The seed extract loaded on the gels was made from mature soybean cv "Century" seeds homogenized with 20 volume/weight water in a mortar and pestle. This was centrifuged at 12,000g for 30 min and the supernatant was used for loading.
Determination of pH Optima
The pH optima curves for active fractions from chromatofocusing were compared to soybean seed LOX 2 extracted from mature seeds of a LOX 1, LOX 3 mutant (4) using 5 mM Na acetate (pH 4.5). They were determined using four different buffer systems: 20 mm sodium acetate (pH 4-5.5), 20 mM sodium citrate (pH 5.5-7), 20 mm sodium phosphate (pH 7-8.5), and 20 mm sodium borate (pH 8.5-10). Since preliminary experiments showed a significant salt effect on the activity of leaf LOXs, the conductivity (as measured by resistance) was adjusted to a constant value with 1 M NaCl for all buffers used. The substrate used was prepared from commercially available sodium linoleate (Sigma). All other chemicals were obtained from Sigma Chemical Co.
Mutant Analysis
For studies of LOX mutants, near-isogenic lines in the 'Century' background were used (4) . Leaf analyses were performed with leaves 25 to 35 mm wide from plants with halffilled pods and extracted as described above. Hypocotyls were from seeds grown for 4 d in germination towels in darkness. After homogenization in an equal volume/weight of water, hypocotyl extracts were centrifuged as described above. Mature seeds were ground in 40 volumes ofwater and centrifuged as described above.
Fractionation of Leaf LOXs
Following G-50 sieving, one peak of LOX activity was seen prior to chromatofocusing. Analysis for LOX activity of fractions from the chromatofocusing column revealed three separate peaks which eluted at pH 6.3, 5.1, and 4.7. The pHs of the fractions correspond to the approximate pIs of the eluted isozymes which will be referred to as peaks 1, 2, and 3, respectively (Fig. 2) . Based on activity measurements at pH 6.8, peak comprised about 95%, peak 2 about %, and peak 3 about 4% of LOX activity in leaves.
IEF Points
A Western blot of a native IEF gel containing the peak 1, 2, and 3 fractions and an aliquot of seed extract is shown in Figure 3 . All three peaks showed multiple bands immunodecorated with LOX antibodies. It is unlikely that the multiple bands seen in Figure 3 are the result of proteolytic degradation. After samples had been fractionated on IEF gels (Fig. 3) , high molecular mass lipoxygenase bands (at least 87 kD) were detected on SDS gels (Fig. 4) . pH Optima pH optima curves revealed that the enzymatic activities of the three peaks of activity and of LOX 2 were affected by not only pH but also by the buffer systems used (Table I) . Activity of peak 1 was reduced about 70% in the citrate buffer compared to the acetate buffer. Similarly, the activities of peaks 2 pI and 3 and of LOX 2 from seed were lower in citrate buffer than in acetate buffer at the same pH (Table I) . When the 5. 1 activity in citrate buffer at pH 7 was compared to that in phosphate buffer at pH 7, differences were again seen; however, all of the fractions were not affected in the same fashion.
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Activity of the peak 1 fraction was approximately the same in citrate and phosphate at pH 7, while the activity of peak 3 was reduced by about 50% in phosphate. The leaf lipoxygenases had similar activity in citrate and phosphate buffers, while the soybean seed LOX 2 activity was greater in phos-5 . 7 phate than in citrate buffer (Table I) . Therefore, the pH curves were normalized to the activity present in citrate buffer at or below pH 7.0. Above pH 7.0, the pH curves were normalized 5 . 9
to the activity present in phosphate buffer. The activity displayed in Figure 2 at pH 8.5 and above is in borate buffer. Soybean seed LOX 2 has a pH optimum at approximately -6 . 1 pH 5.8 under these conditions. frozen) were used in both cases. The range of pls of bands seen in peak 1 were 6.1 to 6.6, in peak 2, 5.3 to 5.9, and in peak 3, 5.1 to 5.9. As can be seen in Figure 5 , Glycine max mutants that are null for LOX 2 (-L2, -L2-L3) exhibit a slightly altered pl for LOX 1 as noted by Park and Polacco (17) .
Molecular Masses
Peaks 1, 2, and 3 were run on 8.3% SDS-PAGE gels and visualized by either Coomassie blue staining (Fig. 4a) or Western blotting (Fig. 4b) . The Coomassie blue-stained SDS gel shows that all LOX peaks had been purified to a great extent, although not to homogeneity (lanes 1-3 in Fig. 4a) . Differences in the molecular masses of the LOX polypeptides isolated from leaves were apparent from the Western blot (Fig. 4b) . LOX activity of soybean leaves, hypocotyls, and seeds. G. max 'Century' (C) and derivatives lacking one or more seed LOX are compared. Activities were determined using linoleic acid as substrate at pH 6.8. Activity is expressed as gkatals/mg soluble protein. Figure 5 by an asterisk (*). It is not known whether these multiple isoforms exist in vivo. The molecular mass differences for the LOXs present in peak 1 could be due to differently processed forms of the same polypeptide gene product or distinct gene products.
The relative abundance of activity in peak 1 appears to be related to the method of extraction. After extraction of leaves with water and 2% polyvinyl polypyrrolidone, peak 3 had more activity than peaks 1 and 2 (data not shown).
The soybean leaf LOX isozymes appear to be different from those found in soybean seeds although the molecular masses are very similar. The apparent pl range of peak 3 (5.1-5.7) is more acidic than the reported pls of any of the seed LOX isozymes. While the pH optimum at 8.5 of peak 3 (Fig. 2) is similar to that of soybean seed LOX 1, it is nevertheless lower than the reported optimum of pH 9 for seed LOX 1 (2). The major forms of LOX in peak 1 have pIs more basic than any of the seed LOX isozymes. For soybean seed LOX 3 the reported pH optimum is very broad and is centered around pH 7, while the reported pH optimum of seed LOX 2 is 6.8. Although the pH optimum of crude seed LOX 2 obtained in our experiments was 5.8 ( Fig. 2) , it appears that all of the isozymes isolated from leaves are different from the LOXs isolated from seeds.
Direct evidence that leaf LOX isozymes differ from those found in seeds is shown in Figures 5 and 6 . Mutations for LOX 1 to 3 affect leaf LOX isozymes differently than seed isozymes. Similar LOX activity was seen for leaves from these mutants (Fig. 6) . However, hypocotyl and seed LOX activity varied in the different mutant backgrounds. Mutants lacking 1 or 2 seed LOX isozymes still show proteins that react with leaf LOX antibodies (Fig. 5) . In addition, leaf and seed LOXs have different pIs in wild-type and mutant backgrounds. Northern analysis suggests that mRNA for the three seed LOX isozymes is abundant only in embryos (1) .
Soybean leaves and hypocotyls appear to possess some isozymes in common (Fig. 5) . Several of the most acidic bands (peaks 2 and 3) are seen in both tissues, while the most basic bands (peak 1) are detected only in leaf extracts. Our results support the conclusion of Park and Polacco ( 17) that soybean seeds and hypocotyls possess distinct LOX isozymes. LOXs from pea also appear to vary in different tissues (5) . The main stem and root polypeptides differed in size from the seed polypeptides. Western blot analysis identified a minimum of seven different polypeptides in peas.
The LOXs of the peak fractions 1 and 2 have low pH optima and, therefore, are candidates to be localized in the vacuole, where the pH is in the range of 5 to 6. Peak 3, on the other hand, with its high pH optimum at 8.5, would be a likely candidate to function in the stroma of the chloroplast, especially in the light. Douillard (6) concluded that LOX activity of young wheat leaves was localized in chloroplasts. Hatanaka et al. (10) also found LOX activity in chloroplasts in about 40 plant species. The pH optima of fractions 1 and 2 are more similar to those reported for other LOXs (16) .
We have found at least three isozymes of LOX in soybean leaves which appear to be different from any of the three previously reported soybean seed isozymes. At least one of these leaf isozymes appears to be different from the previously reported hypocotyl/radical isozymes. The differential reactions of the three isozyme fractions in various buffer systems may prove to be a useful tool in determining which of the isozymes is functioning under different conditions.
